Abstract-Binary Nb-Sn thin film samples were fabricated and characterized in terms of their composition, morphology, and superconducting properties. Nb-Sn was magnetron-sputtered onto heated R-plane sapphire substrates at 700
I. INTRODUCTION
T HE superconducting properties of Nb 3 Sn, which is used for applications in which high magnetic field is required, such as the High Luminosity Large Hadron Collider, the International Thermonuclear Experimental Reactor, nuclear magnetic resonance magnets, and high field facilities, are strongly suppressed when the conductor is exposed to strain [1] , affecting its performance in these applications.
This phenomenon is poorly understood and complicated by the fact that Nb 3 Sn wires common for these applications contain Nb-Sn with various tin concentrations and grain sizes as well as additions such as titanium, tantalum and copper. To investigate how these various parameters affect the strain M. G. T. Mentink is with the University of Twente, 7500AE Enschede, The Netherlands. He is also with the Lawrence Berkeley National Laboratory, Berkeley, CA 94720-8203 USA (e-mail: mgtmentink@lbl.gov).
J sensitivity of the wires, model samples with carefully controlled composition and morphology are required, see also [2] . In this article, the fabrication and characterization of binary Nb-Sn thin films with various tin concentrations is discussed in terms of composition, morphology, crystal orientation, superconducting properties, and normal state resistivity.
II. EXPERIMENT

A. Sample Fabrication
Niobium and tin were magnetron sputtered simultaneously onto a heated R-plane sapphire substrate. A custom built PIDcontrolled heater was used, which consists of cartridge heaters and a K-type thermocouple inside a niobium block. Stainless steel heat shields reduce the power required to reach temperatures up to 1000
• C. Besides having a heater that closely matches the thermal expansion of sapphire [3] and Nb 3 Sn [4] , major advantages of this heater system include affordability, serviceability and durability. Thermal conductivity between the heater block and the substrate was enhanced with silver paint, which was briefly heated up to 150
• C in atmosphere. The substrate was cleaned with acetone, iso-propanol and electronic grade iso-propanol in an ultrasonic bath. After cleaning and mounting on the heater, the substrate was held in place with a molybdenum clip.
Before deposition, the chamber was pumped down and heated until the base pressure was sufficiently low. The achieved base pressures of the depositions at 700, 800, and 900
• C were 4.7 × 10 −6 , 9.9 × 10 −6 and 1.6 × 10 −5 Pa, respectively. Argon gas was then introduced into the chamber and regulated at a pressure of 0.27 Pa. Niobium was sputtered onto the shutter for several minutes to getter gaseous contaminants. After the acceleration voltage of the guns had stabilized, typically at 250 W (355 V) and 40 W (570 V) for the niobium and tin target respectively, the shutter was opened. Deposition occurred at a typical effective rate of 0.32 nm/s. After the deposition was completed and the sample had cooled down in vacuum, the sample was cut into strips that are typically 1-4 mm wide and 25.4 mm long.
B. Etching
A limited subset of the samples was patterned to enable simultaneous measurement of the superconducting and normal state properties as a function of longitudinal and transverse strain, and to allow for critical current measurements and resistivity measurements in a well-defined geometry. To pattern the films, an aqueous solution [5] of 7 vol.% hydrofluoric acid, 43 vol.% nitric acid and 50 vol.% distilled water was repeatedly diluted with distilled water and tested, until a suitable mixture of 3 vol.% hydrofluoric acid and 19 vol.% nitric acid was found, which etches through the Nb-Sn layer at a controlled rate of 6 ± 1 nm/s.
A positive photo-resist layer was spun onto a sample, and the areas where etching is desired were exposed to 12.5 mW/cm 2 of ultra-violet light for 12.5 s. After the exposed photo-resist was dissolved with a developer, the sample was baked at 120
• C for 30 minutes. Finally the sample was placed in the etching solution and the exposed Nb-Sn layer was fully etched through in approximately 6 minutes, see Fig. 1 .
C. Morphology: SEM Surface Image and STEM Cross-Section
SEM and STEM techniques were used to investigate the morphology of the Nb-Sn thin films. A poly-crystalline grain structure was observed, see left side of Fig. 2 . Typical grains vary in size between 100 nm and 1 μm, with an average size of about 300 nm. A STEM image made with a high angle annular dark field detector (HAADF) shows a dense film with columnar grains and a thickness of 2.3 μm, see Fig. 3 .
D. Composition: SEM-XEDS Analysis
The composition of each of the strips was determined using SEM-XEDS. The measured tin content along the length of each of the strips is constant, within an uncertainty of 0.5 at.% Sn, see right side of Fig. 2 . It should be noted that this technique measures an average composition with a typical probing volume of 1.5 μm 3 , so inhomogeneity on a smaller scale is (partially) averaged out. In the transverse direction, a typical range of 5 to 6 at.% Sn was observed per deposition, thus one deposition covers most of the stable Nb-Sn composition range [6] . Consistent with literature, see [7] , tin concentrations above approximately 25 at.% Sn were not observed in the samples deposited at 800
• C or above, while in the sample deposited at 700
• C the excess Sn is contained in a Nb 6 Sn 5 phase.
E. Crystal Orientation: X-Ray Diffraction Measurement
The crystal orientation of the samples was investigated with a standard θ − 2θ scan to determine the out-of-plane orientation, and an off-axis scan at various rotations to determine the inplane orientation. The θ − 2θ scan indicates that the samples are highly textured and preferably oriented (100) out-of-plane, with a (200) to (210) peak ratio of 20, 213 and 13 for the samples deposited at 700, 800 and 900
• C, respectively, see Fig. 4 . For comparison, the (200) to (210) ratio in a sample with randomly oriented Nb 3 Sn grains is 0.45/1 [8] .
Using a 4-circle diffractometer, the sample was tilted 26.56 degrees to the side, such that the (210) off-axis peak corresponding to the (100) out-of-plane crystal orientation was found. The relationship between sample rotation about the Fig. 5 . Tc as a function of composition, compared to resistive (R), inductive (I) and heat capacity (H) measurements on various bulk samples and thin films from literature. For the inductive and heat capacity measurements, the onset temperature is used [2] , [7] , [11] , [12] , [17] , [19] . The fit is a summary of the average critical temperature of bulk samples [15] . The vertical lines indicate the width of the Tc distribution.
surface normal and intensity of the (210) off-axis peak was then investigated by repeatedly performing θ − 2θ scans for various sample rotation angles. The intensity of the (210) peak is independent of sample rotation, a clear indication that the inplane orientation of the sample is random, see Fig. 4 , inset.
F. Cryogenic Measurements of R(T, B)
Cryogenic measurements were performed, by which the resistance was measured as a function of temperature, magnetic field, strain, and current. This article focuses on the measurements of resistance as a function of temperature and magnetic field, without applying strain. The measurement setup [1] was optimized [9] and validated [10] for the purpose of investigating bulk samples and thin films. Four point probe measurements of resistance were performed with a measuring current of 10 μA, and for each sample it was verified that the magnitude of this current on the superconducting properties is negligible. Voltage and current leads were connected to the sample with silver paint, making sure that the distance between the leads was at least several millimeters.
III. RESULTS AND DATA REDUCTION
Analogous to previous work [2] , the critical temperature T c for a given magnetic field was determined using a resistance criterion, see Fig. 5 , and compared to literature results [2] , [7] , [11] , [12] , [17] , [19] . The T c (μ 0 H ≥ 5 T) data were fitted using the Maki-De Gennes equation [13] , [14] , see Fig. 6 , to find an extrapolated H c2 , see Fig. 7 . The extrapolated T c is consistently 0.2 to 0.6 K lower than the measured T c , see Fig. 6 . Besides the measured T c and extrapolated H c2 , ρ 0 , see Fig. 8 , and RRR are listed in Table I .
IV. DISCUSSION
Resistive measurements of the critical temperature preferentially probe the composition with highest critical temperature in Fig. 6 . Critical temperature as a function of magnetic field for the various samples, compared to Maki-De Gennes fits. Fig. 7 . Relationship between measured Tc and extrapolated H c2 of the thin films, compared to an analytical summary of binary Nb-Sn bulk samples [15] . The large symbols indicate superconducting properties that are determined using a 50% resistance criterion, while for the smaller symbols, 10% and 90% resistance criteria are used. Fig. 8 . Normal state resistivity as a function of sample composition, compared to an analytical summary of binary Nb-Sn bulk samples [15] , also see [16] . The uncertainty in ρ 0 is due to uncertainty in geometry. a sample, as only a fraction of the sample needs to be superconducting to form a superconducting path. This implies that the actual critical temperature distribution in each of the resistively measured samples is broader than the resistively observed critical temperature distribution. Heat capacity measurements, the most reliable method for probing the volumetric critical temperature distribution, show that thoroughly optimized offstoichiometric Nb-Sn thin films have critical temperature distributions that are typically several Kelvin wide [17] . This is in stark contrast to the samples with compositions near stoichiometry where the observed critical temperature distribution is as little as 0.04 Kelvin wide, see Table I .
While the critical temperature distributions of the samples that were deposited at 800
• C are consistent with literature, some of the critical temperature distributions of the samples that were deposited at 900
• C are relatively high. In previous Nb-Sn thin film work [17] , a model was developed that relates the local variation in tin content to variation in crystal orientation relative to the surface. Thus, samples with a lower degree of texturing are expected to be less homogeneous in composition, which would result in the observed higher critical temperature [17] , see Section II-E.
Another possibility is that the critical temperature is affected by the presence of oxygen during the deposition. Such an effect was demonstrated in Nb-Sn depositions, deposited at a four times higher deposition rate with partial oxygen pressures of 6.7 × 10 −5 to 1.3 × 10 −4 Pa [17] . This could imply that during the deposition some of the niobium is trapped as Nb-O, reducing the niobium available for Nb-Sn formation. While these partial oxygen pressures are significantly above the base pressure at which our samples were deposited and the oxygen content of the argon is only 2 × 10 −5 at.%, the observed effect on the critical temperature is very similar.
In all samples, a distinct upward curve in the critical temperature is observed at magnetic fields close to 0 T, something that has previously been observed for stoichiometric samples [10] , [18] - [20] . Two possible explanations for this phenomenon are expressed in terms of anisotropy of the Fermi surface [21] , [22] , and the existence of a second gap [20] .
The relationship between critical temperature and critical magnetic field is very close to the literature result [15] , see Fig. 7 . Nb-Sn with a higher critical temperature generally has a higher critical magnetic field [15] . When taking compositional inhomogeneity into account, the same fraction of the sample always dominates the normal to superconducting state transition, independent of magnetic field. While a drop in the critical magnetic field is expected near stoichiometry, it is likely that the Nb-Sn with slightly lower tin concentration and higher critical magnetic field dominates over the stoichiometric Nb 3 Sn with lower critical magnetic field in our samples.
Finally the normal state resistivity of the samples near stoichiometry is higher than expected [15] . Possible explanations for this are impurity and defect scattering.
V. CONCLUSION
Binary stoichiometric and off-stoichiometric Nb-Sn thin films were fabricated by simultaneously depositing niobium and tin onto a sapphire substrate, that was heated to 700, 800, or 900
• C. A novel heater system was developed and discussed in terms of ease of use, durability and affordability.
The films are shown to be poly-crystalline, consisting of dense columnar grains, as well as macroscopically homogeneous in tin content within an uncertainty of 0.5 at.% Sn. X-ray diffraction measurements show that the films are highly textured and oriented (100) out-of-plane and random in-plane.
The critical temperature, critical magnetic field, normal state resistivity, and residual resistivity ratio were determined using a technique in which resistance is measured as a function of magnetic field and temperature. Critical temperatures between 9.8 and 17.9 K and critical magnetic fields between 12.5 and 31.3 T were found.
Deviations of the expected critical temperature are observed in some of the samples, and possible explanations are discussed.
Fabricating and fully characterizing stoichiometric and offstoichiometric Nb-Sn is an important step towards mapping the relationship between composition and strain sensitivity in Nb 3 Sn.
